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This work describes the use of a carbon paste electrode (CPE) modified with a Bentonite clay 
(Maghnite) as an electrochemical non-pollutant, selective and low cost sensor for Cadmium and Lead 
detection in aqueous solution. The physico-chemical properties of the clay mineral were analysed by 
X-Ray Fluorescence analysis (XRF), Powder X-ray diffraction (XRD), Thermogravimetric analysis 
(TG) and N2 adsorption isotherm. The square wave anodic stripping voltammetry (SWASV) has been 
used in which the different electrochemical parameters have been studied. The optimal 
preconcentration pH and Maghnite-CPE content were found to be 3.4 and 14% w/w respectively. 
Under these optimized conditions and at a preconcentration time of 5 min, the response of the 
electrode was linear with analytes concentration in the ranges from 1 to 30 µmol/L for Cadmium and 
0.1 to 30 µmol/L for Lead with limit of detection (LOD) values of 0.16 µmol/L and 0.30 µmol/L for 
Cadmium  and Lead  respectively. 
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1. INTRODUCTION 
Heavy metals are released into the environment mainly by industrial activities. They are known 
to be a general metabolic poison and enzyme inhibitor. Many of these metals (e.g., Hg(II), Cu(II), 
Cd(II), Pb(II), Cr(VI)) are carcinogens and are implicated in numerous diseases including Parkinson’s 
disease, Alzheimer’s disease, multiple sclerosis, developmental disorders and failure of numerous 
organs even when found at the trace level [1, 2].  
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Several known techniques mainly based on spectroscopic principle such as atomic absorption 
spectroscopy (AAS), atomic emission spectroscopy (AES) and inductively coupled plasma mass 
spectrometry (ICP-MS) have been successfully exploited for heavy metal determination. However, 
these methods are not suitable for in field application due to the complex sample pretreatment, time 
consuming procedures, requirement of specialized personnel and complex instruments [3]. 
The increasing need for heavy metals in applications such as plating, mining, solar cells, 
pharmaceutical and chemical industries aggravate  their impact  in environmental pollution factors and 
increases the necessity for novel analytical tools for their detection and quantification. The guidelines 
values for drinking water prescripted by the WHO (World Health Organization) for Lead, Cadmium 
and Mercury are 10, 3 and 6 µg/L respectively [4]. 
Electrochemical methods provide interesting alternatives as high sensitivity, selectivity toward 
electroactive species, wide linear range, portable and low-cost instrumentation [5]. Stripping analysis 
is particularly useful for the analysis of very dilute solutions. It is most frequently used for the 
determination of metal ions by cathodic deposition, followed by anodic stripping and, therefore, is 
called anodic stripping voltammetry (ASV). The sensitivity of ASV is attributed to its 
preconcentration-electrolysis step, in which traces metals are accumulated/reduced on the working 
electrode surface, followed by the measurement step where the metals are stripped/oxidized away from 
the electrode during an appropriate potential scan. In particular, Mercury (Hg) working electrodes have 
shown high sensitivity in measuring heavy metal ions concentration using ASV with polarographic 
technics [6]. However, Mercury is known to be highly toxic and strict national regulations and 
international treaties (such as the Minamata Convention on Mercury on 2013) have been signed for 
reducing their emission and concentration levels in the environment [7]. 
Carbon paste electrodes (CPEs) were introduced by Adams in 1958 [8] and the modification of 
the CPEs began in 1964, with the fundamental studies of Kuwana and co-workers. CPEs are promising 
electrodes that profit of low background current, easy fabrication and long-time stability and they are 
well known for their high compatibility with other adsorbents that brings the possibility to develop 
conductive composite mixtures for heavy metal ions sensing [9, 10].  
Clay materials can play an important role as parent host structure for inorganic and organic 
compounds owing to their intrinsic properties such as chemical and thermal stability, ion exchange and 
the presence on their interlayer surfaces of hydroxyl group active sites [11, 12]. In this sense, clay is 
one of the adsorbents that can be mixed within carbon paste electrodes. Clay modified electrodes 
(CMEs) were first described by Gosh and Bard [13]. CMEs are particularly used in the 
preconcentration method applied to the detection of cationic species (i.e., metal cations) or organic 
molecules (i.e., water pollutants and drugs). Several applications as electrocatalytic sensors involving 
intercalated redox mediators in the electrochemical detection process, amperometric and 
potentiometric biosensors have been also reported [14]. 
Bentonite is a natural and predominantly montmorillonite clay with a high surface area, 
specific active sites and attractive adsorptive properties [15]. The aim of this work was to develop a 
CPE modified with an Algerian bentonite (Maghnite) [16] to achieve a low cost electrochemical sensor 
for Cadmium and Lead detection in aqueous solution using the square wave ASV method, where the 
analyte is first accumulated-preconcentrated at open circuit potential by ion exchange in the clay layers 
Int. J. Electrochem. Sci., Vol. 13, 2018 
  
1685 
then reduced at appropriate low potential and measured when oxidized stripped by square wave anodic 
potential scan after medium exchange. 
 
 
 
2. EXPERIMENTAL 
2.1. Materials and reagents 
The raw clay used in this work is an Algerian bentonite called Maghnite from the west of 
Algeria. Its cation exchange capacity (CEC) is 0.90 meq/g [17]. Graphite (KS6) was provided from 
TIMREX. 
All reagents used are of analytical grade. Nujol (mineral oil) was purchased from Sigma-
Aldrich, while HClO4 and Cd(NO3)2.4H2O were provided by Prolabo, Pb(NO3)2 and NaClO4.H2O by 
Merck and Dichloromethane from Applichem. Standards solutions of the analytes were prepared by 
successive dilution of 1 milli Molar stock solutions using ultra-pure water 18.2 MOhm.cm (25 ºC). All 
reagents were used as received. 
 
2.2. Purification of clay mineral 
The raw Maghnite was crushed, ground and sieved through a 100 micrometer sieve and 
converted to its sodic form [18] at micrometric dimensions using a protocol of 2 steps [19, 20]: 
i. 5 g of the sieved raw Maghnite were continuously stirred in a beaker containing 200 mL 
of 1 mol/L NaCl for 8 hours. The clay suspension was centrifugated at 4000 rpm for 20 minutes, the 
supernatant discarded. This process was repeated to ensure the complete conversion of the Maghnite to 
its homoionic form. The sodic Maghnite obtained (Na-Maghnite) was then washed several times with 
distilled water, until a chloride test with AgNO3 was negative and then recovered  by centrifugation. 
ii. The homoionic Maghnite (Na-Maghnite) obtained was stirred in a beaker containing 
200 mL of distilled water and the suspension was allowed settling in a sedimentation tube (50 cm 
length). After 5 hours, the liquid at mid-height of the tube containing the fine fraction of the Maghnite, 
was siphoned and recovered by centrifugation. This process was repeated three times until a clear 
liquid was obtained at the top of the tube. 
 
2.3. Physicochemical characterization technics 
The elemental compositions of raw and modified clays were determined using X-Ray 
Fluorescence analysis (XRF). XRF measurements were obtained using an automatic sequential 
wavelength dispersive X-ray fluorescence spectrometer PW 2400 (Philips). Around 100 mg of sample 
were employed in order to deliver representative results. Thermogravimetric analyses (TG) were 
recorded using a Mettler Toledo apparatus, model TGA/SDTA851e/SF/1100. 10 mg of samples were 
heated up from room temperature to 900 ºC at 10 ºC/min under synthetic air (N2:O2 (4:1)). 
Int. J. Electrochem. Sci., Vol. 13, 2018 
  
1686 
Powder X-ray diffraction patterns were recorded in a Ruker D8-Advance apparatus using 
CuKalpha radiation (λ = 1.5406 Å) and 2θ values from 3 to 80 degrees at a step size of 0.05. Bragg’s law 
nλ = 2 d sinθ was used to compute the d001 spacing of Maghnite. The textural parameters were 
determined by nitrogen gas adsorption–desorption isotherms at 77 K using Quadra Sorb Station 4 with 
outgas time of 4.0 hours and outgas temperature of 250 ºC. The specific surface area was evaluated by 
the multipoint-BET method (SBET). The micropore volume was evaluated by Dubinin-Radushkevich 
(DR) method. Mesopore volume (V-m) was evaluated as the difference between the micropore volume 
and the liquid volume of adsorbed nitrogen at P/Po = 0.95 (density ratios between gas and liquid 
phases of 0.00154 were employed for this calculus). The total pore volume was evaluated at P/Po = 
0.99. The external surface area (i.e. surface area of mesopores and macropores) were evaluated by the 
alfa-s (A-s) method, using the isotherm of an Elftec-120 non porous carbon black (surface area: 2.71 
m
2
/g) as the reference. The pore size distribution has been calculated from the N2 adsorption isotherms 
using the 2D-NLDFT heterogeneous surface model described elsewhere as applied by the Solution of 
Adsorption Integral Equation Using Splines (SAIEUS, available online at http://www.nldft.com/) 
Software. The micropore width was determined as the pore width value corresponding to the 
maximum of the pore size distribution function in the pore width range below 2 nm (Figures S1 and 
S2). 
 
2.4. Working electrode preparation and electrochemical equipment 
Carbon paste electrodes (CPE) were obtained by mixing a graphite powder (KS6), the clay 
material (Maghnite) and a binder (Nujol) in a 2 steps procedure [21, 22]: 
 In the first step, 1 g of solid particles of graphite powder and Na-Maghnite in the 
desired ratio was suspended in 10 mL of Dichloromethane CH2Cl2, sonicated for 10 minutes to ensure 
a good dispersion, stirred for one hour to ensure a homogenous mixture and heated under stirring until 
complete evaporation of the solvent. 
 In the second step, 0.3 g of an organic binder (Nujol) was added to 0.7 g of the mixture 
obtained and mixed in a mortar with a pestle for 15 minutes until the entire mixture appeared 
uniformly wetted. 
The resulting past was then packed into the end of a homemade Teflon cylindrical tube of 3 
mm -id- equipped with a stainless less steel screw pushing the paste and acting as electrical contact. 
The surface was smoothed off by rubbing the electrode several times slowly across a weighing paper. 
When needed, a new surface was obtained by pushing (typically 250-500 micrometer) paste out of the 
tube, carefully removing the excess and smoothing the surface again. Unmodified carbon paste was 
prepared in the same way without adding Maghnite. This electrode was used as working electrode in a 
three electrode cell configuration comprising a Platinum wire counter electrode and Ag/AgCl reference 
electrode. SWASV were recorded using a Biologic (SP300) potentiostat coupled with a computer 
equipped with the EC-Lab software. The SWASV method used has two steps, the preconcentration 
step and the detection step [23]: 
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In the preconcentration step, the working electrode (WE) is placed at open circuit potential 
(OCP) in a beaker containing 20 mL of a diluted solution of the cation for a given time under constant 
stirring to ensure an accumulation of the ion into the Maghnite, then removed, rinsed with water and 
transferred to the electrochemical cell for the detection step.  
In the detection step, the WE is submitted to a low potential for a given time to ensure the 
reduction of accumulated ions then a potential scan in the square wave mode was performed from the 
electrolysis potential to a higher potential to ensure the oxidation of the reduced ions while the current 
(charge) is recorded. The stripping peak currents were used to quantify the metals after baseline 
correction. The following settings were used for the SWASV: pulse height: 50 mV, pulse width: 20 
ms, step height: 1 mV and scan rate: 25 mV/s. The measurements were repeated three times and all 
voltammograms were recorded at room temperature. 
 
 
 
3. RESULTS AND DISCUSSION 
3.1. Physico-chemical characterization 
3.1.1. X-Ray Fluorescence analysis (XRF) 
The elemental composition of bentonite has been determined using XRF (Table 1). These 
results showed that the main composing elements are O, Si and Al, hence confirming that the material 
used in this study is an aluminosilicate. Mg, Fe, K and Na are present in lower amounts and can be 
accounted as exchangeable cations within the bentonite structure.  
 
Table 1. XRF elemental composition (wt %) of bentonite and bentonite-Na. 
 
Composition (wt %) Bentonite Bentonite-Na 
SiO2 67.60 67.16 
Al2O3 20.00 19.48 
MgO 4.94 4.25 
Fe2O3 3.00 4.41 
Na2O 1.84 2.91 
K2O 1.85 1.40 
TiO2 0.19 0.27 
CaO --- 0.10 
Rb2O --- 0.02 
SO3 0.08 --- 
Cl
-
 0.50 --- 
 
A high cation exchange capacity is a well-known feature of these materials, and therefore, 
these last elements can be exchanged by others in order to tailor the bentonite composition for the 
intended application. In this sense, a Na-loading protocol has been implemented using sodium chloride 
as the cation source (see experimental section for further details). After such treatment, the amount of 
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sodium increased from 1.84 to 2.91%, whereas potassium and magnesium amounts along with some 
alumina content were consequently removed, pointing out that Na-bentonite has been successfully 
exchanged with cations of sodium. The amount of Na loaded in bentonite is somewhat less than the 
one reported by [24] for montmorillonite where a sodium content increasing from 1.35 to 3.26% was 
achieved. The sodium content value (2.91%) exhibited by bentonite-Na shown in Table 1 was similar 
to those previously reported in the literature [25-27] where a sodium content between 2.6 and 2.7% 
was found by these three researchers after sodium treatment of the Algerian bentonite clay. 
 
3.1.2. Powder X-ray diffraction (XRD) 
The XRD patterns of raw bentonite (a) and bentonite-Na (b) are shown in Fig. 1. The raw 
bentonite exhibits the characteristic diffraction peaks attributed to the montmorillonite (Mt), which 
seems to be the main component of the sample. Impurities like Feldspar (F), Cristobalite (C) and 
Quartz (Q) have been also observed in the spectra as previously reported for similar materials [28-30]. 
For raw bentonite, the position of the diffraction peak at 2theta equals to 6.87 degrees corresponding to 
a d001 spacing of 12.86 Å. This value is somehow lower than the theoretically expected for this kind of 
materials. The slight decrease in the interlayer space indicates that some molecules were adsorbed on 
top of the layers, with this value being usually seen when a single water layer between the bentonite 
sheets is found [31]. 
 
 
Figure 1. XRD patterns of raw bentonite (a) and bentonite-Na (b). 
 
Sodic bentonite exhibits similar characteristic peaks to those of raw form. Again, the 
montmorillonite diffraction pattern is the largest contributor to the XRD profile. It is also possible to 
notice that the XRD peaks attributed to the presence of certain impurities, such as Quartz and feldspar, 
has noticeably decreased pointing out that the amount of impurities is decreased after the sodium-
exchange treatment. The bentonite-Na exhibits a slightly lower d001 spacing (12.41 Å) at 2theta = 7.12 
Å. This d001 spacing is similar to those previously reported for bentonite materials similarly 
intercalated with sodium [25-27] where the basal spacing (d001) found was 11.98, 12.50, and 12.66 Å 
respectively, after sodium treatment of the bentonite. This decrease in the basal d001 spacing indicates a 
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loss of interlayer water molecules upon the replacement of exchangeable cations as those of sodium 
(Na
+
). Of such decrease of the d001 spacing in the montmorillonite was already reported by other 
researchers. As a possible explanation for this feature is that the decrease in the basal d001 spacing may 
be imputable to the removing of interlayer water molecules as previously argued by researchers who 
have reported a similar decrease in the d001 spacing for the sodic montmorillonite before and after its 
acid treatment [32].   
 
3.1.3. Thermogravimetric analysis (TG/DTG)  
The TG and DTG curves are shown in Fig. 2. The TG curves of raw bentonite and Na-
bentonite show the typical features for montmorillonite, that is, two main endothermal weight loss 
process. The first weight loss, below 200 ºC, (6%) for Na-bentonite and (7.5%) for raw bentonite 
respectively is a result of the release of adsorbed water. The second weight loss, below 700 ºC, (4.5%) 
for Na-bentonite and (4%) for raw bentonite respectively is associated with the dehydroxylation of the 
octahedral sheet in the silicate structure as previously reported from evolved gasses in 
thermogravimetric analysis coupled to mass spectrometry (TG-MS) by [33, 34]. Since the sodium-
exchange treatment is able to remove part of the impurities previously found on raw bentonite, the 
higher contribution of dehydroxylation reactions on Na-bentonite probably points out that some sites 
of the silicate structure has been released and hydroxylated after the removal of such impurities, 
bringing available more hydroxyl groups that can be desorbed at 700 ºC. The total weight loss up to 
900 ºC is only (10.5%) for Na-bentonite and (11.5%) for raw bentonite, confirming the high thermal 
stability of bentonite. 
 
 
Figure 2. TG (A) and DTG (B) curves of raw bentonite (a) and bentonite-Na (b) in air at 10 ºC/min. 
 
3.1.4. Textural properties of clays 
The N2-adsorption/desorption isotherms of raw bentonite (a) and Na-bentonite (b) are shown in 
Fig. 3. The raw and Na-bentonite exhibit typical type IV isotherm in the IUPAC classification [35] 
with the presence of a noticeable desorption hysteresis loop. The hysteresis loops are of type H4, often 
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observed with microporous adsorbents with bottleneck pore configuration. Both findings confirm that 
these solids are mesoporous material, with a limited contribution of microporosity. As for the 
hysteresis loop, capillary condensation occurs during adsorption via cylindrical meniscus, while 
capillary evaporation during desorption occurs via hemispherical meniscus, separating the vapour and 
capillary-condensed phases. This results in the formation of hysteresis loops, and confirms the 
mesoporous structure of bentonite [36, 37]. 
Similarly, the presence of both micropores (pores with sizes under 2 nm) and mesopores (pores 
with sizes between 2 and 50 nm) in raw bentonite can be deduced by the large nitrogen uptake at low 
relative pressures (where micropore filling takes place) and the continuous nitrogen adsorption seen 
when relative pressure is increased (This is indicative of mesopore presence or of a large external 
surface area on non-porous adsorbents). The knee of the adsorption isotherm at low pressures is also 
rather rounded, pointing out the presence of wide micropores. Therefore, it is expected that the sample 
has a wide pore size distribution and different pore shapes. Interestingly, the N2 adsorption capacity of 
bentonite increased after sodium treatment. The porosity is probably increased due to the washing of 
inorganic species.  
 
 
Figure 3. N2-adsorption/desorption isotherms of raw bentonite (a) and Na-bentonite (b). 
 
The released species could be feldspar and quartz (as previously seen in XRD analyses, Figure 
1), but given that most of the enhanced nitrogen uptake is found at very low relative pressures (i.e. 
micropores are increased), this phenomenon should arise as a consequence of the release of small 
nanosized crystals or due to the substitution of large cations with the smaller Na cations. Table 2 
complies the textural parameters derived from the N2 adsorption isotherms for the raw and Na-
bentonite. So, the Na-bentonite exhibits a more developed porosity than the raw bentonite: surface 
area, total pores volume and external surface area (AS) increased from 72 m
2
/g and 0.12 cm
3
/g and 36 
m
2
/g to 86 m
2
/g and 0.17 cm
3
/g and 44 m
2
/g respectively. Micropore volume (VDR) and micropore 
width are not affected and shows the same value of 0.03 cm
3
/g and 1.0 nm, respectively. The 
micropore width was estimated as the pore width corresponding to the maximum value of the pore size 
distribution function (in the pore width range below 2 nm). 
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Table 2. Textural parameters values for raw bentonite and Na-bentonite.  
 
Textural parameters 
Average pore width (nm) 
VDR (cc/g) 
V0meso (cc/g) 
VT (cc/g) 
SBET (m²/g) 
AS/External surface area (m²/g) 
Raw bentonite 
1.0 
0.03 
0.06 
0.12 
72  
36 
 Na-bentonite 
0.9 
0.03 
0.11 
0.17 
86 
44 
Relative variation (%) 
---- 
---- 
83 
41 
20 
22 
 
3.2. Electrochemical study 
3.2.1. The voltammetric response of Cd
2+
 at bare and bentonite modified CPE 
Fig. 4 displays the SWASV of 10
-5
 mol L
–1
 Cd
2+
 at a bare CPE (curve a) and at modified CPE 
with 10% Na-bentonite (curve b). As shown in Fig. 4, no stripping peak was obtained from 10
-5
 mol L
–
1
 Cd
2+
 at the bare CPE following 5 min preconcentration at open circuit conditions under stirring in 
0.001 M HClO4 and detection with initial potential at –1.0 V for 60 s in 0.1 M HClO4. Whereas under 
the same conditions an obvious anodic stripping peak at - 0.65 V was obtained at the bentonite 10%-
modified CPE corresponding to oxidation of deposited Cd metal. The significant increase in peak 
current is undoubtedly attributed to the strong cation-exchange capacity and adsorptive ability of 
bentonite for Cadmium cations. 
 
Figure 4. SWASV obtained from 10
-5
 mol L
–1
 Cd
2+
 at (a) a bare CPE and (b) an 10% bentonite 
modified CPE. 
 
The results depicted in Fig. 4 were obtained at selected composition of the preconcentration 
and detection media. Indeed, Cd(II) ions accumulation on the Na-bentonite proceeds via cation 
exchange at selected pH value of 3.4 (HClO4 0.001 M). This value, being a good compromise to 
ensure the presence of negative charges at the bentonite platelets, leads to the quantitative cation 
exchange capacity while the Cd(II) species were maintained in their positively-charged form. For the 
detection step, a lower pH value of 1.4 (HClO4 0.1M) was selected as being a good compromise to 
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ensure a maximum desorption of Cd(II) ions and to avoid chemical degradation of the aluminosilicate 
via the hydrolysis of aluminium centers in stronger acidic media, what could result in a decrease in the 
voltammetric response and significant loss of reproducibility [22, 23]. Since the detection required first 
the reduction of Cd(II) to Cd(0), it was important to impose a suitable reducing potential. The low 
initial potential of -1.0 V and the electrolysis time of 60 s were selected in order to ensure the complete 
reduction of the accumulated Cd(II) ions in the Na-bentonite. It is important to mention that during all 
the analytical procedure, ie the OCP preconcentration and the SWASV detection steps no de-
oxygenation of any solution is needed. This simplifies the electrochemical procedure and decreases 
considerably the analysis time. After each detection step, the regeneration of the modified CPE 
electrode was achieved by exposing the electrode to 0.1 mol/L NaClO4 solution under constant stirring 
for 5 min without any applied potential and at last rinsed with ultra-pure water. After this treatment, 
the electrode did not show residual currents due to the accumulated ion and was ready for a new 
preconcentration step. 
 
3.2.2. pH preconcentration effect 
The effect of pH on the response of Cadmium ions by the CPE was investigated. Fig. 5 shows 
the effect of preconcentration pH ranging from 1.4 to 7.6 upon the 10
-5
 mol L
–1
 Cd
2+ 
charge of 
SWASV on 14% bentonite-CPE following the same experimental conditions than in Fig. 4. As shown 
in Fig. 5, the response (stripping peak charge) is remarkably influenced by the pH values in the studied 
range. The bentonite-CPE exhibits no adsorption property at low acidic solution (pH = 1.4) then the 
signal is increased with increasing pH preconcentration up to (3.4) and almost reaches a plateau value 
around 3.4 and became independent of pH at all other pH values (3.4-7.6) tested for Cadmium cations. 
 
Figure 5. Effect of pH preconcentration step on the accumulation capacity. 
                  
Similar adsorption behaviour of heavy metal ions on different clays related to the pH effect was 
reported for Cadmium, Zinc and Nickel on natural and Na-exchanged bentonites [38], Cadmium on 
vermiculite [39], Chromium on bentonite [40], Lead on bentonite and zeolite [41] and for Lead on 
bentonite [42] indicating that such clays exhibit a point zero charge (pzc) in the initial pH range of 3 to 
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4. For pH value under pzc, the bentonite surface is positively charged while for pH value above pzc, 
the bentonite surface is negatively charged [43]. So, it is possible that hydroxyl functional groups 
(SOH) at the clay surface interact with water in an acidic medium forming some aqueous complexes as 
follows [41, 44]: 
SO
-
   +    H3O
+
    SOH2
+
   +   OH
-
                    
Or   
SOH +   H3O
+
    SOH2
+
   +   H2O                    
 
This surface charge interacts repulsively with approaching metal ions and prevents them to 
reach this surface. So, it is possible also that lower adsorption of the metal ions at low pH is due to the 
presence of excess H
+
 ions competing with the Cd
2+
 species for the sorption sites [45]. When the initial 
pH is increased from 3.4 to 7.6, the bentonite surface becomes negatively charged favouring Cd(II) 
species adsorption [41, 44]: 
 
SOH   +   OH
-
        ↔            SO-    +   H2O               
2 SO
-
   +   Cd
2+
      ↔     (SO-)2…Cd
2+
                    
 
Thus, in order to ensure negatively charged bentonite surface and avoiding metal precipitation that 
would appear if higher pH values are used, a solution of 0.001 M HClO4  (pH = 3.4) leading to an 
optimum solubility and adsorption of Cadmium cations was selected as optimal pH for 
preconcentration step on bentonite-CPE in further studies.  
 
3.2.3. Content clay effect 
Table 3. % bentonite-CPE content investigated. 
 
Bentonite% Graphite% Nujol% 
0 70 30 
5 65 30 
10 60 30 
14 56 30 
20 50 30 
25 45 30 
 
The optimum composition of bentonite in the CPE was thoroughly studied by a series of 
experiments where the amount of paraffin oil was kept constant at 30% level, and in the remaining 
70% solid phase the relative amount of bentonite /graphite was changed (Table 3), and the SWASV 
signals of a 10
-5
 mol L
–1
 Cd
2+
 ion at the bentonite-CPE following the same experimental conditions 
than in Fig. 4 were recorded. Fig. 6 displays the effect of bentonite-CPE content ranging from 0% to 
25% w/w upon the 10
-5
 mol L
–1
 Cd
2+ 
charge of SWASV. 
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Figure 6. Effect of the clay content in CPE on the response of 10
−5
 mol L
-1
 Cd
2+
 at preconcentration 
pH = 3.4. 
 
As shown in Fig. 6, the bentonite-CPE signal (stripping peak charge) is increased with 
increasing amount of bentonite in the paste up to 14%. However, a further increase in the bentonite 
content (14% to 25%) resulted in some considerable decrease in the signal. The signal enhancement 
between 0% and 14% is attributed to the increase of the number of surface reactive sites; the presence 
of more clay will result in more binding sites for Cadmium cations on bentonite surface, leading to the 
improvement of the efficiency of preconcentration of the Cadmium at the bentonite-CPE. The 
sensitivity loss at higher loadings is due to the diminished conductivity of the electrode, which is 
attributed to the lower carbon content. Thus, a graphite powder/bentonite/paraffin oil electrode 
composition of 56%/14%/30% was selected as optimal condition for preparation of bentonite-CPE in 
further studies. One can also see that the graphite used exhibits very low adsorption properties for 
Cadmium. The peak charge at the bare CPE (0% bentonite) is practically null. Hence, all the 
adsorption capacity of the electrode is undoubtedly due to the high exchange capacity of the clay 
employed for modifying the electrode. 
 
3.2.4. Calibration of the electrochemical modified CPE sensor 
The calibration of the bentonite-CPE was investigated under optimized conditions 
(preconcentration pH at 3.4 and bentonite-CPE content of 14 % w/w) using SWASV following 5 min 
preconcentration at open circuit conditions under stirring in 0.001 M HClO4 and detection with initial 
potential at –1.0 V for 60 s in 0.1 M HClO4 for the individual detection in aqueous solutions of 
Cadmium in the range 1-70 µmol/L (See Fig. 7a) and for Lead in the range 0.1-70 µmol/L (Fig. 7b). 
The exhibited stripping peak current is proportional to the concentration of Cadmium in the entire 
range studied (1-70 µmol/L) (Fig. 7a) while the same peak current of the Lead is only proportional to 
its concentration in the range (0.1-30 µmol/L) and achieves almost a plateau for higher Lead 
concentrations due to the saturation of the adsorption sites of the CPE (Fig. 7b). 
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Figure 7. Calibration graphs of bentonite-CPE for Cadmium (a) and for Lead (b) under optimized 
experimental conditions.  
 
The calibration plots of peak current vs concentration increased linearly in the ranges of 1-30 
µmol/L and 0.1-30 µmol/L for Cadmium and Lead respectively. The linear regression equations are Ipa 
(µA) = 4.38 [Cd] (µmol/L) + 13.57 (µA) (R
2 
= 0.9745) and Ipa (µA) = 11.88 [Pb] (µmol/L) + 19.68 
(µA) (R
2
 = 0.9684). The analytical parameters are summarised in Table 4 where the limits of detection 
(LOD) and quantification (LOQ) were computed as LOD = 3 Sd/m and LOQ = 10 Sd/m where m is the 
slope of the calibration curves and Sd the standard deviation of three measurements of peak currents for 
1 µmol/L solution of Pb
++
 and Cd
++
 separately [46]. 
 
Table 4. Analytical parameters for the developed CPE. 
 
Metal 
ion 
Intercept 
(µA) 
Slope 
(µA/µmol/L) 
R
2
 LOD  
(µmol/L) 
LOQ  
(µmol/L) 
Cd
++
 13.57±5.96  4.38±0.35 0.9745 0.16 0.54 
Pb
++
 19.68±14.73 11.88±0.95 0.9684 0.30 1.01 
 
Also, we have compared the performance of this electrode with some other different modified 
electrodes for the determination of Cd(II) and Pb(II) in similar conditions. We have summarised the 
electrode composition, technique and sensitivity parameters and compiled them in Table 5. It can be 
seen that the analytical performance of our bentonite-CPE is comparable and even better when 
compared to the previous reports of the literature. For example, the linear range in this study is larger 
than those obtained with CPE modified with Diacetyldioxime [47], Bismuth powder [48], 
Montmorillonite [49] and Bismuth film [50]. It has also the highest upper limit linear range for both 
metallic ions like Cadmium and Lead (30 µmol/L). It is even higher than the one reported for screen 
printed electrodes [51] and for multiwalled carbon nanotubes paste electrode [53]. 
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Table 5. Comparison of results obtained using the method described herein with those reported in the 
literature based on stripping voltammetry. 
 
Electrode ASV Ion LR (μg/L) LOD (μg/L) Ref 
Mercury modified 
graphite screen-printed 
electrode 
SWASV Pb
++
 
Cd
++
 
5.0 -100 
2.5 -100 
1.4 
0.6 
[46] 
CPE/Diacetyldioxime DPASV Pb
++
 
Cd
++
 
20.72-3108 
28.10-2810 
2.07 
4.49 
[47] 
CPE/Bi powder SWASV Cd
++
 
Pb
++
 
10–100 
10–100 
1.2 
0.9 
[48] 
CPE/Montmorillonite-
Calcium 
SWASV Pb
++
 5.18-414 1.24 [49] 
CPE/ Bismuth film SWASV Pb
++
 
Cd
++
 
2.07-207 
1.12-112 
0.16 
0.14 
[50] 
Screen-printed electrode SWASV Cd
++
 
Pb
++
 
10-2000 
10-2000 
2.9 
1.8 
[51] 
Bi-film electrodes SWASV Cd
++
 
Pb
++
 
10–90 
5–45 
1.0 
0.5 
[52] 
Multiwalled carbon 
nanotube paste 
electrode.  
PSA Cd
++
 
Pb
++
 
58.4 - 646 
58.4 - 646 
8.4 
6.6 
[53] 
Bismuth bulk electrode SWASV Cd
++
 
Pb
++
 
10-100 
10-100 
0.05 
0.09 
[54] 
CPE/Cd-ion imprinted 
polymer. 
DPASV Cd
++
 2.0-200 0.31 [55] 
GCE/Mercury thin film DPASV Cd
++
 
Pb
++
 
0.07-80 
0.1-70 
0.05 
0.09 
 [56] 
CPE/bentonite SWASV Cd
++
 
Pb
++
 
112.41-3372 
  20.72-6216 
17.98 
62.16 
This 
 work 
SWASV: Square wave anodic stripping voltammetry. 
DPASV: Differential pulse anodic stripping voltammetry. 
PSA: Potentiometric stripping analysis. 
 
 
 
4. CONCLUSION 
In this work, a carbon paste electrode (CPE) was modified by an Algerian Maghnite and the 
square wave anodic stripping voltammetry (SWASV) following preconcentration at open circuit 
potential (OCP) and medium exchange was applied for the detection of Cadmium and Lead in aqueous 
solutions. The preconcentration pH and the CPE Maghnite content were optimized and were found to 
be 3.4 and 14% respectively. The results proved that Na-Maghnite is a good cation exchanger and has 
strong adsorptive properties. This Maghnite-CPE electrode shows a very wide linear range for the both 
Cadmium and Lead ions. The proposed electrode is suitable for the detection of Cadmium and Lead in 
aqueous solutions at micromolar concentration. 
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Fig. S2. DFT curve for Maghnite-Na. 
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